We study the influence of the image and exchange-correlation effects in double-gate silicon-on-insulator ͑DGSOI͒ devices, in the calculation of both charge distribution and electron mobility. The image and exchange correlation potentials produce a greater confinement of the carriers and, according to the uncertainty principle, a greater phonon scattering rate, which produces a decrease in electron mobility. Moreover, the influence of image and exchange-correlation potentials on electron mobility, while almost negligible for bulk silicon inversion layers, becomes increasingly important as the silicon thickness decreases, due to the effect of volume inversion in DGSOI inversion layers. These effects must then be taken into account in order to achieve a correct evaluation of the charge distribution and of mobility in DGSOI inversion layers. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1619217͔ Double-gate metal-oxide-semiconductor field effect transistors ͑DGMOSFETs͒ are currently considered a serious alternative to standard-bulk MOSFETs to increase the integration capacity of the present silicon technology in the near future. A double-gate silicon-on-insulator ͑DGSOI͒ structure consists, basically, of a silicon slab sandwiched between two oxide layers. A metal or polysilicon film is deposited on each oxide ͑Fig. 1͒. Each of these films then acts as a gate electrode ͑front and backgate͒, which can generate an inversion region near both Si-SiO 2 interfaces, if the appropriate bias is applied. Thus, we would have two MOSFETs sharing the substrate, the source and the drain. The main feature of these structures arises from the concept of volume inversion, introduced some time ago by Balestra et al.: 1 if the Si film is thicker than the sum of the depletion regions induced by the two gates, no interaction is produced between the two inversion layers, and the operation of this device is similar to that of two conventional MOSFETs connected in parallel. However, if the Si thickness is reduced, the whole silicon film is depleted and an important degree of interaction takes place between the two potential wells. In such conditions the inversion layer is formed not only at the top and bottom of the silicon slab ͑i.e., near the two silicon-oxide interfaces͒, but throughout the entire silicon film thickness. The device is then said to operate in volume inversion, i.e., the carriers are no longer confined to one interface, but are distributed throughout the entire silicon volume. Several authors have claimed that volume inversion presents a significant number of advantages, such as: ͑i͒ an enhancement of the number of minority carriers; ͑ii͒ an increase in carrier mobility and velocity due to reduced influence of the scattering associated with oxide and interface charges and surface roughness; ͑iii͒ as a consequence of the latter, an increase in drain current and transconductance; ͑iv͒ a decrease in low-frequency noise, and ͑v͒ a great reduction in hot carrier effects.
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1 if the Si film is thicker than the sum of the depletion regions induced by the two gates, no interaction is produced between the two inversion layers, and the operation of this device is similar to that of two conventional MOSFETs connected in parallel. However, if the Si thickness is reduced, the whole silicon film is depleted and an important degree of interaction takes place between the two potential wells. In such conditions the inversion layer is formed not only at the top and bottom of the silicon slab ͑i.e., near the two silicon-oxide interfaces͒, but throughout the entire silicon film thickness. The device is then said to operate in volume inversion, i.e., the carriers are no longer confined to one interface, but are distributed throughout the entire silicon volume. Several authors have claimed that volume inversion presents a significant number of advantages, such as: ͑i͒ an enhancement of the number of minority carriers; ͑ii͒ an increase in carrier mobility and velocity due to reduced influence of the scattering associated with oxide and interface charges and surface roughness; ͑iii͒ as a consequence of the latter, an increase in drain current and transconductance; ͑iv͒ a decrease in low-frequency noise, and ͑v͒ a great reduction in hot carrier effects.
1 In addition, like other dual gated devices, DGMOSFETs are claimed to be more immune to short channel effects than are bulk silicon MOSFETs and even than single gate fully depleted SOI MOSFETs. This is due to the fact that the two gate electrodes jointly control the carriers, thus screening the drain field away from the channel. 2 This characteristic would permit a much greater scaling down of these devices than ever imagined for conventional MOSFETs. Thus, the increased interest in double gated devices is fully justified.
As shown by different authors, and pointed out in the earlier paragraphs, the presence of a second gate modifies the potential well and the electron distribution if the thin silicon layer is thin enough ͑for a discussion of the role of the inversion layer centroid in both structures, see Ref. 3͒, and therefore the transport properties. We have previously analyzed the electron transport properties 4 in these devices at room temperature; volume inversion means that the scattering models used for bulk silicon inversion layers are not valid in these ultrathin DGSOI devices, and therefore, new scattering models are necessary. 5, 6 We show in this work that a͒ Electronic mail: fgamiz@ugr. es  FIG. 1 . Schematics of the DGSOI structure considered in the present work.
APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 15 13 OCTOBER 2003 image and many-body effects, while negligible in conventional bulk silicon inversion layers, 8 provide an important modification in the potential distribution, inversion charge concentration and electron mobility in ultrathin DGSOI devices due to volume inversion.
The potential energy of the electrons in the silicon layer of a DGSOI structure is given by the sum of various contributions
expressing the potential due to the ionized impurities in the depletion layer, V d (z), to the induced charges in the space charge layer, V s (z), to the image charge due to the different dielectric constant between the silicon and the oxide, V im (z), and to the many-body effects ͑exchange and correlation effects͒, V ex (z). In a bulk silicon inversion layer, in the extreme quantum limit ͑low temperature and only the ground subband populated͒ the image potential approximately cancels out the many-body corrections. 8 At room temperature, and at low inversion charge concentrations, many subbands become occupied, and although the cancelling out of the two terms ͑image energy and exchange energy͒ is not produced, image and many-body effects are not excessively important and, therefore, they are usually ignored. 8 However, volume inversion makes the situation completely different in ultrathin DGSOI MOSFETs: if the silicon slab is thin enough an important interaction appears between the two channels. Because of this coupling, image and many-body effects become quite important in ultrathin DGSOI MOSFETs, and as a consequence, their corrections to the potential energy cannot be ignored. We have evaluated the image energy potential in a DGSOI structure following the work by Kleefstra et al. 9 and the exchange correlation energy with a local density functional calculation. 10 Figure 1 shows the DGSOI structure considered in this study. Figure 2͑a͒ shows the resulting image energy potential, V im (z), for a DGSOI structure evaluated following Ref. 9 , and Fig. 2͑b͒ shows the exchange-correlation contribution V ex (z), which has been self-consistently evaluated using a local density functional calculation. 10 Figure 3 shows the electron distribution ͑a͒ and the potential well ͑b͒ for a DG-SOI MOSFET ignoring the image and many-body effects ͑solid line͒ and taking into account the corrections introduced by these effects ͑dashed line͒. Electron quantization in the inversion layer was appropriately taken into account, self-consistently solving Poisson's and Schroedinger's equations assuming a simple nonparabolic band model for the silicon, and taking into account image and many-body effects. ͑A detailed description of the Poisson-Schroedinger solver can be found elsewhere.͒ 4 Poisson equation is solved in the whole structure, and therefore, the voltage drop in the polysilicon gate due to the polysilicon depletion effects is taken into account. 11 As observed in Fig. 3͑a͒ , an initial consequence of image and exchange correlation contributions is a greater confinement of electrons. According to the uncertainty principle, greater electron confinement produces an increase in phonon scattering, and thus a decrease in electron mobility is to be expected. Figure 3͑b͒ also shows that an important effect of the image force is to lower and to round both SiO 2 barriers, which could be important when evaluating the direct tunnel current through the two gates. 12 
FIG. 2. ͑a͒
Image energy in a DGSOI structure. Silicon thickness was assumed to be T w ϭ5 nm, and the oxide thickness was taken as 2.5 nm. The silicon layer was left undoped (N inv ϭ6ϫ10 12 cm Ϫ2 ). ͑b͒ Exchangecorrelation energy in the silicon layer of a DGSOI structure.
FIG. 3.
͑a͒ Electron distribution in a DGSOI structure taking into account the image and exchange correlation effects ͑dashed line͒ and ignoring their effects ͑solid line͒. Silicon thickness was assumed to be T w ϭ5 nm, and the oxide thickness was taken as T ox ϭ2.5 nm. The silicon layer was left undoped (N inv ϭ6ϫ10 12 cm Ϫ2 ). ͑b͒ Potential well of a DGSOI structure taking into account the image and exchange correlation effects ͑dashed line͒ and ignoring their effects ͑solid line͒.
We used a one-electron Monte Carlo ͑MC͒ method to study the stationary electron transport properties in DGSOI inversion layers, paying particular attention to the evaluation of the stationary drift velocity and of the low-field mobility at room temperature ͑as detailed in Refs. 4 -6͒. Figure 4͑a͒ shows mobility curves versus the transverse effective field, taking into account phonon and surface roughness scattering, when image and many-body effects are ignored ͑solid line͒ and when these effects are taken into account ͑dashed line͒. The silicon thickness was assumed to be 5 nm. For the sake of comparison, Fig. 4͑b͒ also shows mobility curves corresponding to bulk silicon inversion layers. Image and exchange correlation effects are seen to produce an important correction in the calculated MC mobility in DGSOI devices. Meanwhile, the mobility correction in bulk silicon inversion layers due to image and exchange correlation effects is very small, practically negligible ͑as is usually assumed͒. An explanation of the electron mobility behavior in DGSOI structures can be found elsewhere. 4 In the previous results, we assumed that the silicon layer was left undoped. In a DGMOSFET, short channel effects are controlled by device geometry, 2,13,14 as compared to bulk FET where short channel effects are controlled by doping ͑channel doping and/or halo doping͒. Therefore, in principle, the channel of a DGMOSFET can be undoped, which allows better carrier transport and avoids threshold voltage fluctuation due to discrete, random dopant placement. However, we have also studied the influence of image and many-body effects when silicon channel is highly doped. Figure 4͑a͒ also shows ͑with symbols͒ mobility curves versus the transverse effective field for a highly doped channel (N A ϭ5ϫ10 17 cm Ϫ3 ), taking into account phonon, surface roughness scattering and Coulomb scattering due to ionized impurities ͑following the model developed in Ref. 6͒, when image and many-body effects are ignored ͑closed squares͒ and when these effects are taken into account ͑open squares͒. As observed, image and exchange-correlation effects are also important in highly doped channels.
In summary, we have studied the influence of the image and exchange-correlation effects in DGSOI devices, in the calculation of both charge distribution and of electron mobility. We find that the image and exchange correlation potentials produce a greater confinement of the carriers and, according to the uncertainty principle, a greater phonon scattering rate, which produces a decrease in electron mobility. We have also observed that the influence of image and exchange-correlation potentials on electron mobility, while almost negligible for bulk silicon inversion layers, becomes increasingly important as the silicon thickness decreases, due to the effect of volume inversion in DGSOI inversion layers. It is thus essential to take these effects into account in order to correctly evaluate the inversion charge distribution and the electron mobility in DGSOI inversion layers.
This work has been carried out within the framework of Research Project No. TIC-2001-3243 supported by the Spanish Government. FIG. 4 . ͑a͒ Electron mobility vs the transverse effective field in a DGSOI inversion layer taking into account image and exchange correlation energy ͑dashed line͒ and ignoring their effects ͑solid line͒ T w ϭ5 nm, for both undoped ͑without symbols͒ and highly doped ͑with symbols͒ silicon channels. Only phonon and surface roughness scattering are taken into account in the undoped sample, but Coulomb scattering is added in the doped case. ͑b͒ Electron mobility vs the transverse effective field in a bulk silicon inversion layer taking into account image and exchange correlation energy ͑dashed line͒ and ignoring their effects ͑solid line͒. Only phonon and surface roughness scattering were taken into account.
